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The crystallographic studies of Kendrew and Perutz and their rolleagues have 
demonstrat,ed that the nlyoglobins and hemoglobins of several species possess unique 
tertiary structures.1 2 Such structural homogeneity probably characterizes most 
or all prot,eins, as indicated by the large body of physical and chemical informa- 
tion noxv available on many purified preparations. It has been suggested that the 
three-dilrlerlsiollal confornlations of proteins are completely defined by the 1nEorma- 
tion present in the linear sequences of amino acids that make up the corresponding 
polypcptide chains.3 This suggestion has been supported by a nunlber of studies 
011 the reversible dcnaturation of proteins (summarized in ref. 4). It has beeu 
shown that the renat,ured molecules, both those devoid of covalent cross linkagrsO-, 
and those possessing disulfide bonds which have been reductivelg cleaved prior to 
renaturation.‘-‘2 exhibit physical and biological properties indistillguishablr 
frolrl those of the Ilative molewles. These studies indicate that the tertiary strw- 
turr alld spw.ific disulfide bonds of a native protein molecule represent tlw Illost 
slabl~, cwlforlllatioll of its polyprpt idc chain under physiologic rondit.iolw 

If thp infornlatioll rcyuircsd for the pairing of half-cystin, wsidues ill a polypcp- 
tide chain i, illherclct iI1 the anlilw acid sequence, one may ask whether interrup- 



tion of the chain by cleavage of one or more peptide bonds might seriously nmdir’y 
this information. This could be the case, for example, for a protein that is syn- 
thesized as one polypeptide chain (e.g., chpmotrypsinogen) and functional as a 
multichnined protein (e.g., chymotrypsin). 

Ke have recently shown that a microsomal enzyme rvhich accelerates the re- 
activation of the reduced form of bovine pamreatic ribonuclease (RXase) and of 
egg white lpsozymei3 is involved in the catalysis of sulfhydryl-disulfide interchange.” 
Thus, the inactive product obtained by osidation of reduced RXase in urea, con- 
taining random sets of half-cystine pairs, is rapidly converted to active RSase by 
the enzyme. If the “correct” disulfide bonds of a protein are a corollary of native 
tertiary structure, an enzyme that would catalyze their rearrangement could be 
used to test the stability of the sequence-directed pairing of half-cystine residues. 
We present, in this communication, the results of studies on the effect of the di- 
sulfide interchange enzyme on several RSase derivatives, chymotrypsin, and insulin. 
The results are consistent with the idea that the specific disulfide bonds of these pro- 
teins were formed according to the information present in single-chained pre- 
cursors which were subsequently (>onverted, by peptide bond cleavage, to the meta- 
stable multichained proteins. 

Jlaferids and .Ifefhods.-Buwne p:mcreatic ribonuclewe (,??igma Chemical Co.! ws reduced 
ti described previously’5 .md was allowed 10 oxidize either spontaneously m  S  Jf urea at pH 5.2 
for 100 hr,‘6 vr by incubutmn for 10 min with 10mJ Jf dehydroaxorbic acid (DHAI (SutritionzJ 
Biochemicsl Corp.) in 0.05 Jf bicarbonate buffer. pH 7.4.:’ After removsl of the urea or the 
DHd under xidic condition, Is both preparrtions were folmd to conram no free suifhydryl groups 
nnd to be enzymicnlly inactive. 

The “C-protein” derivative of RSase w-w prepared by cleavage of methionyl bonds with 
cysnogen bromide and subsequent removal of the YHr-terminal tridecspeptide by gel 6ltration 
through a column of Sephadex G-25 ( Phwmacia, 1 If The extents and rates of reactivation of re- 
&iced RSase, and of the uxidized RSiase preparations described shove, were determined lmder 
various conditions by asay of R4sse activity at pH .i.U.18 

Chymutn-psinogen A  and a-chymotrypsin (3 X  crysrallizedj were purchased from the War- 
thingtan Biochemical Corp. Chymotrypsinogen was activated by incubation with trypsio 
‘see Resultsi. The esteratic activity of a-chymotc-pain ~$5 determined by rhe hydrolysis of 
benzo?-1-tvrosyl-ethpl ester / Derermntrtbe BTEE, Worthington Biochemical Corp. ).I0 The in- 
crease in absorbancv at 256 mp ws followed during the first 4 m m  of the reaction. Tryphin 
1~2 X wystallized, Worthington Biochemical Corp.‘; was treated mth diisopropyl-fluorophosphate 
to destroy residual chymotryptic activity.:” Beef insdin 3 low zinc: lot +WJ&D6997) and the 
oxidized B  chain and A  chsm of insulin were a gift from Eli Lilly Laboratories. Beef msnlin 
labeled alth I131 i.%bbntt Lsboratories, was used in a Anion (of 112 mcg,‘ml  in 0.025 Jf phwphnte 
buffer, pH ‘?, containing .N mg of bovine serum albumin I -Armour Co.) per ml. Pepsin (2 X  
<,rystaUized, was obtained from Worthington Biorhemical Corp. 

The disulfide interchange enzyme was prepared from beef liver microzomea 5s described prr- 
viously, except that sephndex C,-“UU filtration was intwdwed into the procedure following the 
CII-Sephadex step.” The enzyme was nssayed routinel>- by its effect on the rate of reactivn- 
tion uf reduced Rxase.13 

lephadex G-25 and G-?OO. DEhE-Sephzdex and CWSephsdex were purchnssd from Phar- 
mwia. I-rea Baker Chem. Co.; was recrystallized from !liLuc ethanol before use. ,%Y&xc,aptu- 
ethanol E&man Co. j ws used wthout further purificstion. 

Imm~moassny of 1~3’-1abeled pork insulin wa5 performed esentially s described by Berwn 
V( al..” ewept that axendmg chromatogmphy in 0.0’25 .l1 phosphate huffer. pH 3, was used in- 
-t& ,ei elertrophoresis. The sm~ples I 0.5 ml  contnining U..i m+g of I’3’-lsbeled insulin) were 
incubated a-ittr 0.115 ml  of rrtinea-pig nntibovine insldin antivtvm s diluted 1: 40 wit,h ~1.01.j JI 
phosphate I~ttTer, pH 3.0. ~wntaining 50 mg bovine serlun 3lbismm per ml) ior 4S hr st 4’ 2nd 0.2 



ml was rbromatugraphed on Whatman 3 1\III paper for 3’12 hr at .I”. Radioartwit~~ wac Mets- 
wed with a ~-PI automatic n-mdowlrs> paper chromaiogram scanner / .41r,miv .l~~ce~~;arie-, Inc.). 

Change+ m  the psirmg of half-cystine residue- in ivulin were examned qualilalwely on pepride 
map> after pep,i~c dystion. Thr proleill wit: diawlvrd ~1 5’, icmmc acid 81 a wr,~en!rariun of 
10 mg,ml and pepk~ ~(I.1 mg in 10 ~1 ;(-; fwnriv arid ax- added. .4Ftvr 6 hr of mrubstion ar 
3;” a second a11q11o1 of pep&. wa- added. The reavrinn XL. sopped. after a 1ote1 inrnbation time 
of 16 hr. b!- freezing and I:wphilizati~m The Iyophihzed material wa> dis&ved in wafer at a KJ~- 
centration rli 50 mg!rnl. and U.05 ml s-erc applied lo MIstman 3 1131 paper. I~swding rhruma- 
tograph! ~a. perfclrmcd in the orgamc phase of hutann!:acetic ucid:warer <4.1:5:, and electro- 
phoresis n-a- carned WY at 25WI v in pvridme BWI~TP buffer, pH 3.6. for 2 hr The peptide mnp- 
wew preparrd 11: dupiicare. One ww slained with ninhydrin and llrr other with ryanide-nirrr+ 
prusside for rhe derection of pepride> comaining diwlfidr bond- ?Q (kldation uith per-formic acid 
was carried OUI acrording to the method of Hirs.T3 

A Beckman;SpinccI model 120 amino acid analyvzer WI. utihzed for amino acid anal~-;e... Sam- 
ples for analyst vxre hydrolyzed m  mnsiant boihng HCI 111 evnuwed. .sealrd ruhe- for 22 hr 
at 110”. Protein conventrations were deterrmrwd hy the method of Ln\\-y d al.‘- Free sulfhpdyl 
groupr were determined with j,.i’-dllhiobis:~-nitrot,enzolc acid ) (.4ldrich Chenucal CO.).~~ 

Results.-Ribonuclrasr derivatioes: The enzynically inactive products oh- 
tained by the oxidation in 8 M urea or with DH.I\ have been shown to be rapidly 
activated by t,he disulfide interchange eruyne in the prcsenve of Y-mercaptoethanol 
(optimal concentration. low3 Mj (Fig. 1. curves I and 2’). as contrasted with the 
long periods (16-24 hr) required without the enzyme.‘” The requirenirnt for fi- 
mercaptoethanol in the reactivation mixture could he abolished by previous partial 
reduction of these molecules (Fig. 1, curve 3).]* Since we have shown that t,he 
enzyme does not acrelerat(e the oxidation of sulfhydrF1 groups.14 and since it acti- 
vat,es “inCorrectly” cross-l inked R?;ase as m-e11 as fully reduced R-Yaw. it may be (‘on- 
eluded that the process catalyzed is a sulfhydr$-disulfide interchange. 

The effect of the enzyme on the “C-protein” derivative of RSase described b> 
Gross and Wit.kop” is illustrated in Figure 2. The C-protein is vonrposed of three 
polypeptide chains held together by one intrachain and three iut,erchain disulfide 
bonds, all present in the original RXasc molecule. The aggregation and precipita- 
tion produced by the enzyne in the presenre of 1O-3 M &mtwaptoethanol was so 
rapid that the ,&mercaptoethanol concent,ration had to be diminished to 10-* U. 
At the latter level the concentration of &mercaptoethanol wa.5 less than 5 per cent 
that of half-cystine residues in the C-protein employed (1 mg protein mlj. Thus, 
the precipitation cannot be due to simple reduction. ?;o precipitation occurred 
over a ‘24-hr period in the presence of either enzyme alone or B-merraptorthanol 
alone (1O-3 or lo-‘M) under these conditions (0.1 M Tris. pH i.2,. iprecipitation 
did owur after 1 hr at pH i.8 in the presence of 10m3 X B-ruercaptorthanol alone.) 
The enzyme-catalyecd aggregation and precipitatiorl of C-protriu is presumabl\ 
caused by disulfide intewhange. whicah leads to raudom pairitlg of half-c,ystine 
residues fornniug a cross-l inked network of c&haiIL-, 

In previous experiments on the rearti\Fation of rrduwd RSare it was difficult to 
demonstrate euzyme activity at low ratios of enzynle to reduwd RTasex3 siIw con- 
centrations of the substrate (reduced RNaw) greater than 0.02 mg ml led to ex- 
tensive intermolewlar disulfde bonding.?” IN the experilltcllt> wth C-protein and 
with itlsulin. dcwribed talon-, cxtalysis by tlw disulfide it~tcrvl~a~lg(~ rv1zyllw is 
easily drnrorl~tratcd at weight ratios of erzy~rw to substrate of less thall 1 : 100. 

(“h!p,oh-ypsin: Chynotrypsil l rapidly inactivates the dlsulhde intrrcharlgc~ CI~- 
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zynw. a.< demonstrated h,v lose in the ability of the latter mzynr to catalyze the 
rcavttvation of reduced RSase. koshland and Mozersk- hare showily that 
c~hytttotrypsitl is higIll!- resistant to spontaneous disulfide intcrcharqe. with onI>- 
s on- intercttaltgr oc~!~urrillg 11~ 7.5 _ I 21 urea. The action of the disultide illtercattangcs 
wz>-ttw on cl))-ttlotrypsilt n as therefore studied after the latt,er enzyn~o Ilad Iwet, 
exposed to 8 .I/ urea. FoIlon-ittg llart in and Frazirr.?s chyttotrypsin ’ 1 nlg ttrl I x1-a: 
inrtthatcd ill 8 JI urea. vorttaillitlg 0.2 M  CaCI, and 0.1 JI acet.ate huffrr. pH 4.0. for 
20 n1111. I-tlder these cottditions the inartiration is reversible and. in OUI’ hatld3, 
diluttou with 100 TO! of 0.1 -II Tris buffer. pH i.5. wit,h or without IO-’ :>I ii- 
ttlcrc,apt.octllatlol. rapidly restored 8.5 per cent of the original chymotrypsin acatirity. 
When the diluting solution rontained the disulfide interchange enzynle and lo-,: 
:lI P-mrrc,apt,orthatlol, rapid inactivation of chymotrypsin was obser\.Fd. -4s 1s 
shown ill Figure 3, the ittactivatioll was depetldent on the prrsettw of d-merrapto- 
et.hanol and rather large quantittvs of the mivosomal enzyme. The fact that in- 
activation of chymotrypsin occurred mainly during the first minute suggests t,har 
the urea-treated protease remains in a denatured and inactive form for only a 
very shon period after dilution. The inac.tiration by the enzyme at two stages 
in it, purification is slto~~ in Figure i. -4 similar difference in spwific actiritieh 
was found whw the txw preparations n-et-e tested for their ability to catalyze the 
reac+ratiott of reduced RTase. 

If the inac%vatiott of chymotrypsitl is due to disulfide irkerchangr and the produv- 
tion of random int,erchaitl and intrafhain sets of disulfide bonds, a necessary control 
experiment is to test the effwt of the enzyme on chymotrypsinogen, n-hich presum- 
ably contains. in its single polypeptide chain. the information for the iormation 
of the “c:orrecY’ disulfide honds. Chymotrypsinogen -4 was incubated in 8 dl urea, 
as in the case of chyntotrypsin, dilut.ed lOO-fold int,o Tria buffer cotltainirtg lo-” 
M  B-n~ercaptoctl~anoI and disulfide interchangr enz-me (final coltcetltrations: 1 
mg enzyme and 10 kg ~hytrotrypsirtopen ml), and incwbated for 20 min at room 
temperature. Trypsin (0.5 kg ml! was then added, and the appearance of thy- 
mottypsin activity was followed by periodic assays. The theoretical level of chy- 
motrypsin activity was achieved after T hr at 24”. drmonstrating that chymotTp- 
sinogctt IF not susceptible to ittactiration by the disulfide interchatlge enzynle. 

Insulin: The aggregating effwt of the disulfide int,erchange enzyme leads to 
precipitation of insulin (enzyme:insuIin, w  ‘w. 1:50; 10S3 Al B-mercaptoethanol. 
0.1 M  Tris buffer. pH ;.?,I. as illust,rated in Figure 5. The physkal properties 
of the precipit,ate changed with tirtte, becoming progressively less soluhlr in 8 ?I 
urea or 1 per cent sodium dodeqlsulfate. Samples of 1 ml, cotltaitiitlg -1 mg of 
ittaulin. t,akrtl at the titrles indicated irt Figure 5. xx-err prwipitated b.v the addititrt; 
of 10 rol of acid acetone 11 A7 HCl:acetone, 1:3Y). washed twice n-ith acid ac*et,one, 
and dissolved in 0.1 Al Tris buffer, pH 7.8. cont,aining 1 per cent sodium dodrc.yi- 
sulfate and DTSB (low3 MJ. -4s shown in Figure 5, free sulfhydryl groups ap- 
peared slowly during the incubation, reaching a final level of approxintately 0.3 fret, 
PH group mole of insulitl. The precipitate formed at the end of 1 hr of ittcubatiotl 
was washed three times with water, oxidized a-it,h performic acid, and subjected tC1 
hydrolysis by typsirl il: 100 \v, w-) in 0.1 h! ?;H,HCCI, at 37’ for 8 hr. 5ttc.h tryat- 
11tv11t would lw txpwtod to llnvr no effcc,t on tlw oxidized .I chaitl of i~snli~~ hut IO 
ykld free alatunc attd two peptide fragments from the oxidtzed B chain. The rcwltz 
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of high-voltage electrophoresis of the digests of the oxidized precipitate shoIved the 
components expected from both chains. .I second portion of the oxidized precip- 
itate was hydrolyzed for amino acid analyses. The results, shown in Table 1, 
indicate that the precipitate formed in the presence of the enzyme contains both ;i 
and B chains of Asulin. However, some enrichment for those amino acids present 
only in the B chain is evident, particularly in the early (SO-min) precipitate. This 
finding suggests that during the process of interchange new intrachain disulfide 
bonds are formed, leading to separation of the -1 and B chains. This conclusion 
is consistent with t,he greater ease of reduction of interchain disulfde bonds in 
insulin?9 and the lower solubility of the B chain at pH i.L'.lo 

A qualitative estimation of the rate and extent of disulfide interchange catalyzed 
by the enzyme was obtained by the preparation of peptide maps of peptic digests 
of insulin and of precipitates and material remaining in solution after .iO nlin and 
after 2 hr of incubation (6 mg insulin and 0.06 mg enzyme ml. 0.1 Jf Tris. pH i.2'). 

The soluble fractions were precipitated and washed with acid acetone as were the 
precipitates. -\ft.er removal oi the acetone-HCI in NWW, lo-nig samples of each 
fraction and of untreated insulin were dissolved or suspended in .i per cent formic 
acid and digested with pepsin. The divests were dilut,ed tenfold Gth water. 
lyophilized. and ‘1.Smg aliquots were applied to Fhstman 3 S[JC paper for pep- 
tide mapping. Duplicate n~aps of eacah irac.tion were stained as desicaribed shove. 

The peptide maps lvere identical except ior those compolleuts staining positively 
for disulfide bonds. The &sulfide-positive caomponenta characteristic of insulin 
were still faintly visible in the soluble and insoluble fract,ions after 50 nGn oi incuba- 
tion although a number of nerv peptidre containing diaultide bonds. having different 
mohilities, were already present in large amounts. .Ifter 2 hr of inc:ubation. cligesta 
of both the soluble and insolllhle fractions showed a ~~onslderuble fraction of tht, 
disultide-positive material renlailiing at the origin, while the rr>t \~-a5 pres(znt ~II 
nex locations on the map. 

Evidence for change in the three-dimensional structure of insulin after treatment 



I‘nder the conditions of chromatog- 
raphy the small amount of insulin 
used remains at the origin, m-hile. in 

the presence of amibodies. the antihody-hound insulin nioves with the front (Fig. 
6, .4. il’). The addition of enzyme alone has no effect (Fig. 6. D, D’) aiid only a 
small effect results with 8mercaptoethanol alone (Fig. 6. B, B’,. In t,hr presence 
of both enzyme and &mercaptoethanol the chromatographic pattern of insulin is 
markedly changed (Fig. 6. c’). However, this pattern is not affectSed by t.he 
presence of antibodies (Fig. 6. C’) and almost no antibody-bound insulin is oh- 
served. These observations. together with those described above. indicate that 
cxtensivr disulfide intrrrhange has taken place, with disruption of the antigenicall~ 
specific structure of the insulin molecule. 

Discussim.-The information now available indicates that the enzyne used in 
these studies catalyzes a process of sulfhydryl-disulfide interchange. For example, 
an RSase derivative. prepared hv oxidat,ion in urea jvhich causes “incorrect” 
pairing of the eight sulfhydryl groups of the reduced polypeptide chain. is rapidl) 
converted to the nat.ive protein by the enzyme. The process requires the presence 
of small amounts of a thiol reagent such as p-mercapt.oethanol or. alternatively. 
the introduction into the randomly disulfide-bonded derivative of a few sulfhydryl 
groups prior t.o addition of the enzyme. 

It is k~town that t,he diaulfidc int~erchanpe reaction is catalyzed by small amounts 
of thiol compounds3: Reactivation of t,he fully oxidized inactive RNasr derix-a- 
ti\-c occurs irl the prcsencc of d-mercaptoethanol alone, although at a inuch slower 
rat.r than in the presence of erizgme. The disulfide interchange is accompanied h\- 
a rapid rcarrarigenwtit of tertiary structure, t.he solr driving force for which appears 
t.o be the liiglily favoratk free energy of cx)nforiliatioii of the native struct,ure as 
coiiiparrd with thaw of other tIlrc,~~-dinIc,llsiollal arrangrmrnts. 

If both the tertiary structure and the pairing of half-cyst& residues in a prokin 

with the disulfidc int,erchange enzyme 
was obtained by measurements of anti- 
genicity. -1 solution of I’J!-labeled in- 
sulin (1 niwg ml) containing bovine 
serum atbumin (.iO mg ml) xvas incu- 
bated n-it11 and without enzyme (,JO 
@g ml ). and in the presence and ab- 
sence of 10e3 -11 &nirrcaptoettianol. 
Incubations were carried out in 0.1 2 
Tris buffer. pH 7.2. at 37” for 30 niiii. 
-%t the end of this period, 0.05 ml of the 
dilut.ed antiserum was added to half of 
the incubation mixture. After 48 hi 
at 4’, the material t,hat had been 
treated with antiserum and the control 
fraction were rhromatographed, and 
the distribution of radioactivity was 
scanned 011 each chromatogram (Fig. 
61. 



arc tl prcticterll1incd wIiw~uenc:e of the amino acid wquen~e, rlcavagr of 01w 01 
IIIO~C pcptide bonds might be cspccted to upset the drlicaately bslmwd set of itlter- 
ac%iotis required to achieve the native structure. -1s we have observed in thrse 
studies, native RSasc aud trhyulotrppsirtogerl are uot altered b?; the disulfide inter- 
c.hange enzyme. On the other hand. the three-chained structures of the chenGally 
produced “C-protein” derivative of RSase, and the product of enzynlic acbtivatiorl 
of chymotrypsinogen, chyruotrypsin. are rapidly modified by the enzynw. These 
results suggest that infonuatiou present in the original single-chained precursors is 
nlissing after fragmentation of t.he chains. Thus the disulfide interchange erlzynle 
appears to constitute a useful “thermodynamic probe” for testing the intrinsic, 
stability of disulfide-borlded polypeptides in general. 

Our results with insulin support the view that the hormone is originally syn- 
thesized as a single-chained protein and later converted to the two-chained form 
by a zynlogen-like conversion. Such a mechanism would be consistent with the 
recsent observations of SIarkus on the conforniational changes induced in insulin by 
nondenaturillg electrolytic reduction, 32 and with reports of low yields of insulin 
following oxidation of mixtures of reduced -1 and B chains.33-36 
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